Human serum amyloid A protein (apo-SAA) can be prepared by gel filtration of delipidated acute-phase high-density lipoprotein in the presence of urea. The resultant apo-SAA is soluble (> 90 % solubility) in a wide range of buffer solutions, with all of the six major isoforms of apo-SAA being equally soluble. In ureacontaining solutions the isoforms behave qualitatively differently in various urea concentrations, probably reflecting subtle primary-structure variations. The higher-pI isoforms are only completely unfolded at > 7 M-urea. By immunizing with apo-SAA adsorbed to acid-treated bacteria (Salmonella minnesota R595), high-titre antibodies can easily be elicited in rabbits.
INTRODUCTION
During the acute-phase response in humans, highdensity lipoprotein (HDL) particles acquire serum amyloid A protein (apo-SAA), a polymorphic plasma protein with six major isoforms, as a prominent apoprotein [1] [2] [3] . The functional role of apo-SAA has not been elucidated, but it is implicated in the pathogenesis of reactive systemic amyloidosis. It is believed to be the precursor of amyloid A protein (apo-SAA minus 28 C-terminal residues), which is the principal protein component of amyloid fibrils [4] [5] [6] [7] .
Initial preparative techniques for apo-SAA employdd gel filtration in 10% (v/v) formic acid [8] and were characterized by poor yields [9] and limited solubility of one or more of the apo-SAA isoforms [10] . As a necessary adjunct to our ongoing studies of the biology of human apo-SAA, we have developed techniques which permit the isolation of soluble apo-SAA with a high yield of each of the isoforms. Here we present this methodology, explore the behaviour of apo-SAA in aqueous and urea-containing solutions and describe the production ofhigh-titre rabbit antisera which react with all the major isoforms.
MATERIALS AND METHODS

Preparation of HDL
For experiments relating to apoprotein solubility and for apo-SAA purification (see below), HDL was prepared, as previously described [1] , from blood obtained (with informed consent and Ethical Committee approval) from a pool of patients experiencing an acute-phase response. For experiments relating to apo-SAA isoform distribution as a function of HDL density, HDL was further sub-fractionated into HDL2 [plasma density (p) = 1.063-1.13 g/ml], HDL3A (p = 1.130-1.155 g/ml) and HDL3B (p = 1.155-1.180 g/ml) by re-centrifugation of HDL (p adjusted to 1.21 g/ml) into a linear KBr gradient (p = 1.1 1-1.21 g/ml) as previously described [3] .
Delipidation of HDL and solubility of apoproteins
The solubility of the HDL apoproteins and of apo-SAA isoforms was assessed at different pH values. A 5 mg portion of acute-phase HDL3 containing all six major isoforms [pattern 1 [1] (protein concentration 5.95 mg/ml)] was delipidated by mixing with 10 ml of ethanol/diethyl ether (3: 2, v/v) for 4 h at -20 'C. The pellet obtained from centrifugation [SM-24 rotor (Sorvall, Newton, CT, U.S.A.); 1000g; -20°C] was washed once with 10 ml of diethyl ether (-20 'C) and recentrifuged. The apoprotein pellet was made into a diethyl ether slurry (vol. approx. 1.1 ml) and this was divided into 22 equal portions of which two were placed into separate 1.5 ml Microfuge tubes as controls [11] . The remaining 20 
Electrophoretic pH titration curves
For analysis of electrophoretic pH titration curves, electrofocusing gels were made with a trough running parallel with the direction of current flow [18] . Gels were electrofocused as described above and then turned through 900 on the gel platform.. The electrode wicks were cut away and new wicks applied before addition of 100 ,ug of apo-SAA (in Buffer G containing 7 M-urea) to the trough. Gels were then electrophoresed at 600 V (constant voftage), for-25 mini and processed as previously described [1] . Rabbit anti-(human apo-SAAi Rabbits were immunized with purified human apo-SAA complexed with acid-treated naked bacteria. Cultured Salmonella minnesota R595 bacteria [19] were phenol-killed (10 g of phenol/litre of culture fluid) and naked bacteria prepared as previously described [20] . Apo-SAA (in Buffer G; protein concn. 1.5 mg/ml) was added to freeze-dried naked bacteria (1 mg/ml; aqueous suspension) at a protein mass ratio of 1: 5. The mixture was dried by rotary evaporation and the resultant complexes were resuspended in phosphate-buffered saline (O..02 M-phosphate/0. 15 M-NaCl), pH 7.2, in a sonicating water bath at a protein concentration of 120 or 240 ,ug/ml. Three mixed-strain rabbits were intravenouslyS immunized with apo,SAA-naked bacteria complexes as follows:: day 1', 0.25 ml of 120 jug/ml; day 4, 0.5 ml of 120 jig/ml; days 7, 11, 30, 33 and 36, 0.5 ml of 240 ,g/ml. Blood was drawn on day 18 and also 7 days after the last booster injection (i.e., day 43).
Immune sera were analysed by Ouchterlony double immunodiffusion in agar against HDL from normal and acute-phase individuals. The IgG fraction of sera was prepared, by using protein A-Sepharose columns (Pharmacia) according to the manufacturer's instructions. Immunogold staining of nitrocellulose blots of electrofocused normal and acute-phase HDL apoproteins developed with rabbit anti-(human-apo-SAA) was performed as previously described [1] at a 1:1000 (v/v) dilution of the primary antibody described herein in 0.1 % (w/v) BSA/Tris..
RESULTS AND DISCUSSION
Apo-SAA isoforms and HDL density Six major isoforms of human apo-SAA can be identified by electrofocusing delipidated acute-phase HDL in the presence of urea [1] . Some individuals display al of these isoforms-(with pl values of 6.0, 6.4, 7.0, 7.4, 7.5 and 8.0; isoform pattern 1), whereas others apparently lack the pl 7.4 and 8.0 isoforms (pattern 2) or the pI 7.0, and 7.5 isoforms (pattern 3). Three apo-SAA mRNAs. have recently been identified in one person [21] , and each corresponding primary product could give rise to a proteolytically processed form lacking an N-terminal arginine residue.. The relationship between these products and the six isoforms we identified remains to be determined.TeblofaoAAiasoitdwtHD3[] The bulk1 of apo-SAA is associated with HDL3 [3] .
However, apo-SAA can be found across the entire HDL density spectrm. We analysed the distribution of apo-SAA isoforms in HDL2 (p < 1.13 g/ml), HDL3A (Table 1) show that there is no major difference in the apo-SAA isoform make-up of any of the HDL subfractions. Thus apo-SAA prepared from HDL2, HDL3 or total HDL will not be deficient in one or more of the apo-SAA isoforms It has been reported that, in the mouse, apo-SAA is secreted from hepatocytes in a free form and then associates with circulating HDL particles [22] . Should this pertain in humans then, in the light of the above data, one can suggest that each of the apo-SAA isoforms has an equal affinity for each of the HDL particle types. Purification of apo-SAA Apo-SAA was separated from other HDL apoproteins by gel filtration over Sephacryl S-200 in the presence of 7 M-urea. The three principal apoproteins of acute-phase HDL (apo-A-I, apo-A-II and apo-SAA) have Mr values of 27000, 17000 and 12000 respectively and would, as such, be poorly resolvable using Sephacryl S-200 [when chymotrypsinogen A (Mr 25 000) and ribonuclease A (Mr 13700) were analysed by gel filtration in phosphatebuffered saline on this column of Sephacryl S-200 they had elution volumes of 103 and 112 ml respectively].
Urea, however, altered the apparent Mr of each of the apoproteins uniquely, resulting in an excellent separation of apo-SAA from apo-A-I and apo-A-II (Fig. 1) (Table 2 ). This method of achieving apoprotein solubility, whereby a gradual rehydration of the protein molecules is allowed to occur, has previously been described for other apoproteins [11] . Of the three buffers used, apoprotein solubility was greatest in Buffer G (pH = 8.4), as determined by the Lowry protein assay [14] . In all the buffers the apo-SAA/ apo-A-I ratio in the soluble material (see the Materials and methods section) closely reflected the apo-SAA/apo-A-I ratio of the original starting HDL sample.
The solubility of the apo-SAA isoforms over an extended pH range (6.0-8.4 ) that covered the established pl values for all of the major apo-SAA isoforms [1] was studied by electrofocusing (Fig. 2) previous report [10] , are soluble over an extended pH range when solubilized in this manner. Effect of urea on apo-SAA Since the isoforms of apo-SAA are not separable in the absence of urea, we studied the effect of urea concentration on apo-SAA by using the method ofCreighton [16, 17] , whereby a protein sample is electrophoresed through an acrylamide gel comprising a urea concentration gradient at 900 to the direction of protein migration. During the process of electrophoresis, ureaconcentration-dependent unfolding ofthe protein occurs, causing an increase in the hydrodynamic radius and a consequent slowing in the rate of migration due to increased molecular sieving. Additionally, alterations may occur in the electrophoretic mobility of the protein as a result of changes in its net charge due to exposure of ionizable groups or release of bound ions. Since apo-SAA is a polymorphic protein [1] , application of this technique to apo-SAA could be expected to yield a complex pattern of unfolding reactions. In all cases the protein was applied in the native state, and all ureainduced transitions occurred within the gel.
Over a concentration gradient from 0 to 8 M-urea the electrophoretic resolution of apo-SAA isoforms occurred such that the isoforms were only completely electrophoretically separable at urea concentrations in excess of 7 M (Fig. 3) . The isoforms appeared to behave qualitatively differently with respect to urea concentration.
On native 4-30 00-(w/v)-polyacrylamide-gel electrophoresis apo-SAA migrates with an Mr of 90000 [3] . From the urea-gradient-gel patterns observed here, it is likely that apo-SAA becomes monomeric at very low urea concentrations (<0.5M), with the resultant apparent increase in electrophoretic mobility being undetectable. Amplification of the low urea concentration range by the use of 0-4 M-urea gradient gels also failed to demonstrate the expected increase in mobility due to the urea-induced transition from multimeric to monomeric species [16, 17] (results not shown). As the urea concentration increases, the observed patterns would be consistent with a continued, differential, ureainduced 'melting' of the apo-SAA isoforms. The fact that qualitative differences in the urea-induced melting of apo-SAA isoforms exist is interesting, since it may reflect important primary-structure variations. It is clear that a 7 M-urea concentration must be employed to ensure the electrophoretic separability of all apo-SAA isoforms.
Electrophoretic titration of pure apo-SAA across a pH gradient from 5.5 to 8.3 yielded further information on the behaviour of apo-SAA isoforms [18] . In the absence of urea, a satisfactory titration curve could not be obtained (results not shown). In the presence of 7 M-urea, titration curves of all the isoforms were observed (Fig. 4) , crossing the starting trough at pH values closely corresponding to the pl values determined by electrofocusing [1] . Even in the presence of 7 M-urea, at pH values below their isoelectric points the pl > 6.4 apo-SAA isoforms showed differences in their electrophoretic mobilities relative to each other. Below approx. pH 6.4, apo-SAA8.0 (the pl-8.0 apo-SAA isoform) co-migrated with apo-SAA75, and apo-SAA7.4 co-migrated with apo-SAA7 0.
Thus at these relatively low pH values the apparent net charge differences between apo-SAA7.0 and apo-SAA7.4
and between apo-SAA7 5 and apo-SAA8 0 were abolished. Above pH 6.4, these apo-SAA isoforms were clearly resolved. The differences in relative electrophoretic mobilities of the pl > 6.4 isoforms are possibly a reflection of differences in primary structure which affect the titration curves of the ionization groups which are revealed in the unfolded state. Rabbit anti-(human apo-SAA) Specific antisera to apo-SAA have proved difficult to produce [23] . Recently, however, one group has been successful in producing a sequence-specific antiserum in rabbits [24] . The immunogen was a commercially synthesized decapeptide coupled to N-maleimidobenzoyl-N-hydroxysuccinimide ester-activated keyholelimpet haemocyanin. The peptide corresponded to Vol. 263 residues 59-67 of human amyloid A protein plus an additional C-terminal cysteine residue, and the resultant antiserum was immunoreactive with amyloid A protein and apo-SAA; it was, however, unsuitable for immunoprecipitation.
Apo-SAA (prepared as described herein) complexed to naked bacteria proved to be a potent immunogen. Hightitre precipitating antibodies were produced after the first booster injection (day 30) in all rabbits immunized. The immuno-absorbed antisera reacted with acute-phase HDL but not with HDL prepared from healthy individuals (even when normal HDL was used at twice the protein concentration of acute-phase HDL), giving a single line of immunoprecipitation and decorated all of the major isoforms of apo-SAA when these had been transferred (by pressure-blotting) from electrofocusing gels to nitrocellulose paper (Fig. 5) [1] .
Conclusions
Studies of the biology of apo-SAA have been hampered by the belief that the protein was poorly soluble and by the apparent difficulty in achieving specific antibody production. In the present study we have shown that apo-SAA is soluble in buffers at physiological pH values and at suitable protein concentrations, all of the isoforms of apo-SAA being equally soluble. Apo-SAA can be readily purified in the presence of urea, and by adsorption to naked bacteria, high-titre specific precipitating antibodies can routinely be produced in rabbits.
